The fitness effects of symbionts on their hosts can be context-dependent, with usually benign symbionts causing detrimental effects when their hosts are stressed, or typically parasitic symbionts providing protection towards their hosts (e.g. against pathogen infection). Here, we studied the novel association between the invasive garden ant Lasius neglectus and its fungal ectosymbiont Laboulbenia formicarum for potential costs and benefits. We tested ants with different Laboulbenia levels for their survival and immunity under resource limitation and exposure to the obligate killing entomopathogen Metarhizium brunneum. While survival of L. neglectus workers under starvation was significantly decreased with increasing Laboulbenia levels, host survival under Metarhizium exposure increased with higher levels of the ectosymbiont, suggesting a symbiont-mediated anti-pathogen protection, which seems to be driven mechanistically by both improved sanitary behaviours and an upregulated immune system. Ants with high Laboulbenia levels showed significantly longer self-grooming and elevated expression of immune genes relevant for wound repair and antifungal responses (b-1,3-glucan binding protein, Prophenoloxidase), compared with ants carrying low Laboulbenia levels. This suggests that the ectosymbiont Laboulbenia formicarum weakens its ant host by either direct resource exploitation or the costs of an upregulated behavioural and immunological response, which, however, provides a prophylactic protection upon later exposure to pathogens.
Introduction
Host-symbiont interactions are common in nature and comprise long-term associations that range from mutualism (mutual benefit) to parasitism (exploitation of the host by the symbiont) [1, 2] . The fitness consequences for the two partners of a symbiosis are not necessarily fixed, but may vary over time or in response to environmental conditions. Such context-dependent changes in the strength and even direction of symbiotic interactions [3] [4] [5] mean that symbionts clearly assigned to the parasitic end of the symbiosis continuum may also be able to provide some positive effects for their hosts, at least temporarily, or under particular environmental conditions [6, 7] . For instance, numerous cases have been described where associations with certain endoparasites [8] , viruses [9] and bacteria [10, 11] -including the intracellular bacterium Wolbachia [12 -14] -may protect their hosts from infection by various types of pathogens, such as viruses [12, 13] , bacteria [8] [9] [10] , protozoa [13] and pathogenic fungi [11, 14] . Social insects, especially ants, interact with a wide range of different symbiotic organisms, including mutualisms with food-and shelter-providing plants [15] , sap-feeding insects like aphids [16] and intracellular bacteria [17] , as well as even antibiotic-producing bacteria (fungus growing ants [18] ). In addition to these mutualistic associations, ants suffer infection from a diverse range of micro-and macroparasites [19] , against which they have evolved elaborate disease defences, at both the individual [20, 21] and group levels (reviewed in [22] ).
Lately, a novel association has been established in several populations of the invasive garden ant Lasius neglectus [23, 24] with the ectosymbiotic fungus Laboulbenia formicarum [25, 26] . Both species were recently introduced to Central Europe-the host L. neglectus probably originates from Asia Minor [27] [28] [29] , whereas the symbiont Laboulbenia originates from North America, where it has a host range of various native ant species [25] . Reports of Laboulbenia exist for only a minority of L. neglectus populations (four out of more than 160 [25] ), but where Laboulbenia is present, it has quickly spread throughout the population within a few years of its introduction (reaching 100% prevalence in Saintes-Maries-de-la-Mer, L'Escala and Gif-Sur-Yvette, while Douarnenez shows a more complex multipartite association [25] ; S.T. & M.K. 2012, personal observation). Fungi of the order Laboulbeniales attach to the integument of their arthropod host, where they produce small fruiting bodies (thalli) [30] that can cover a great percentage of the host's cuticle (figure 1). Even though little is known about their exact interactions with their hosts and subsequent fitness consequences [31, 32] , they are described as obligate ectoparasites that require a living host for survival, from which they exploit resources for their own growth and reproduction [33] , either via absorption through pores in their host's integument or through active penetration [30, 31] . It is thus intriguing how L. neglectus populations with Laboulbenia have managed to persist and successfully compete against native species, as, based on current knowledge, Laboulbenia is expected to compromise host fitness.
We therefore set out an experimental study to investigate the host fitness consequences of this novel host-symbiont association. We expected to find the host ants paying a fitness cost, similar to reports for other Laboulbeniales associations [34] [35] [36] , particularly when carrying high levels of Laboulbenia and when experiencing resource limitation conditions, where the host may not be able to compensate for any loss of resources exploited by the ectosymbiont. So far, no benefits for hosts associated with Laboulbeniales have been reported; however, Laboulbeniales members require living hosts for their own survival and reproduction, as transmission mainly occurs via interactions between live cohabitants, rather than via contaminated soil [37, 38] . Laboulbeniales might therefore have evolved direct or indirect means to protect their hosts from threats to the life of their hosts, such as highly virulent insect pathogens like obligate killing entomopathogenic fungi, as host death would invariably also kill the attached Laboulbeniales. Entomopathogenic fungi of the genus Metarhizium are common soil-borne insect pathogens with a broad host range (generalists [39] ) and a worldwide distribution [40] , so that it is highly likely that they coexist in most host populations associated with the highly host-specific Laboulbeniales [41] . Both fungi need to adhere to the host cuticle before penetration of the integument. Sanitary actions by the ants (such as self-grooming) may therefore be an effective first-level defence against Laboulbeniales and Metarhizium due to mechanical removal and chemical inactivation [ [42] [43] [44] . Both fungi then penetrate the insect cuticle by physical pressure and production of histolytic enzymes [45, 46] . Laboulbeniales usually forms a large haustorial bulb within or close to the host's integument [30] , whereas Metarhizium produces small single-cell blastospores swamping the host's haemocoel [46] . Thus, even though both fungi cause wounding to the host, we would expect different host immune components to predominate. While Laboulbeniales may mainly induce pathways for encapsulating large non-self objects (e.g. the Phenoloxidase cascade), Metarhizium may also elicit more specific antimicrobial peptide (AMP) production. Importantly, upregulated immune defences due to an association with Laboulbeniales might impede the establishment of entomopathogenic infections and thus indirectly benefit the Laboulbeniales fungi.
To test for potential costs and benefits of this novel association of L. neglectus ants with Laboulbenia formicarum, we studied the ants' survival under food restriction and after exposure to the entomopathogen Metarhizium brunneum, as well as their sanitary behaviour, and constitutive and induced immune components.
Material and methods (a) Collection of Laboulbenia-carrying ants
Foraging workers of the unicolonial, invasive ant species L. neglectus [23] were sampled in 2012 from the supercolony in Saintes-Maries-de-la-Mer, France, which has a described association with Laboulbenia formicarum [25] . By using only foragers, we aimed at reducing the variation in our sample by focusing on the older worker class (based on age polyethism [47] ). The Laboulbenia level (number of thalli; figure 1) was determined for each ant at 30Â magnification under a stereomicroscope, while the ants were cold-anaesthetized. Laboulbenia prevalence had reached 100% in 2012 (from 28.8% reported in 2009 [25] ), with ants carrying from a minimum of one thallus up to a maximum of 421 thalli on their bodies. Ants used in the experiments were kept in individual Petri dishes (diameter 3.5 cm) with a plastered base at a constant temperature of 238C, 75% relative humidity and 14 L : 10 D cycle. Ants were fed with 10% sucrose solution ad libitum (except in the starvation treatment, where only water was provided).
(b) Exposure to the fungal pathogen Metarhizium
We exposed individual L. neglectus workers to a LD 50 dose of the entomopathogenic fungus M. brunneum (strain Ma 275, KVL 03-143; see [48] for details), by applying 0.3 ml of a 10 9 conidiospores ml 21 suspension in sterile 0.05% Triton X-100 (Sigma-Aldrich), which had a germination rate of more than 95% (confirmed 24 h before the exposure), to their gaster (i.e. the abdominal segments posterior to the petiole). The sham control treatment consisted of an application of a 0.3 ml droplet of a 0.05% Triton X solution only.
(c) Survival analyses
We randomly chose 70 ants to measure survival under starvation conditions (i.e. access to water only) and 228 for survival after Metarhizium exposure (mean number of thalli per ant: 112; range: 1-421; no significant difference in thalli number between the ants used in these two treatments; t-test: t ¼ 0.262, d.f. ¼ 296, p ¼ 0.794). Survival of the ants was monitored daily for two weeks. To confirm deaths caused by Metarhizium, ant corpses were surface sterilized [49] and monitored under humid conditions for three weeks. Out of the 129 dying ants, 91.5% (118) showed outgrowth of Metarhizium conidiospores, confirming an internal infection with the pathogen.
(d) Behavioural observations
To determine potential differences in behaviour of ants carrying few versus many Laboulbenia thalli, we analysed the behaviour of 29 low-level (L: 1-75 thalli) and 27 high-level (H: more than 150 thalli) Laboulbenia-carrying ants (figure 1c,d, respectively), after subjecting them to (i) no treatment (n ¼ 10 L, 7 H), (ii) a sham control treatment (9 L, 10 H) or (iii) Metarhizium exposure (10 L, 10 H). Individual ants were filmed for 3 h after a 15 min acclimatization phase following treatment (camera Di-Li 970-O; software DEBUT VIDEO CAPTURE v. 1.64). Videos (total 168 h) were analysed using the software BIOLOGIC (http://www.sourceforge.net/projects/biologic/), to record the start and end time point for each behaviour. We then calculated the total duration of self-grooming and nonsanitary activity of the ants (i.e. time neither self-grooming nor resting out of total observation time).
(e) Gene expression
We analysed the expression levels of the four insect immune genes b-1,3-glucan binding protein (b-1,3-GBP), Prophenoloxidase (PPO), Hymenoptaecin (Hym) and Defensin 1 (Def1), and the reference gene 28S Ribosomal Protein S18a (RP S18a), by real-time qPCR for 31 low-level and 28 high-level Laboulbenia-carrying ants (as defined above), 2 days after (i) no treatment (n ¼ 11 L, 8 H), (ii) a sham control treatment (9 L, 10 H) or (iii) Metarhizium exposure (11 L, 10 H). Sample preparation and gene expression analyses were performed as detailed in [50] and the electronic supplementary material. Expression levels of the immune genes were normalized to the reference gene before further statistical analysis.
(f ) Survival tests
All statistical analyses were carried out in the program R v. 3.0.2 [51] . Survival data were analysed using Cox proportional regressions with 'number of thalli' as continuous and 'treatment' (starvation versus Metarhizium exposure) as categorical predictor. As we found a significant interaction between the main effects, which compromises their interpretation [52, 53] , we subsequently ran separate regressions for both treatments and adjusted the p-values by Holm's sequential Bonferroni procedure. For clarity of display, survival curves in figure 2 are grouped into three Laboulbenia levels (low: 1-75; medium: 76-150; high: more than 150 thalli).
General linear models (GLMs; with Gaussian errors structure) were run for behavioural and gene expression data, with 'Laboulbenia level' (low and high) and 'treatment' (no treatment, sham control and Metarhizium exposure) as categorical predictors. We further performed pairwise Pearson correlations to test for correlated immune gene expression and adjusted the p-values by Holm's sequential Bonferroni procedure. For further details on the statistical methods, see the electronic supplementary material. 10 Laboulbenia thalli, whereas it was decreased by an estimated 2.3% per 10 thalli after Metarhizium exposure.
Results
(b) Self-grooming behaviour Self-grooming behaviour was performed for shorter time-spans by ants with low (1-75 thalli) rather than high (more than 150 thalli) levels of Laboulbenia (GLM; figure 3 ). Moreover, ants carrying both low and high levels of Laboulbenia upregulated self-grooming behaviour when exposed to the pathogenic fungus Metarhizium (
ii) Prophenoloxidase
Individuals carrying high levels of Laboulbenia also showed higher expression of the melanization cascade-regulating gene PPO than individuals with low levels (GLM; F ¼ 3. 
Metarhizium
Metarhizium Figure 3 . Self-grooming behaviour of Laboulbenia-carrying ants. Lasius neglectus workers carrying high Laboulbenia levels (more than 150 thalli; dark colours) performed significantly longer self-grooming than individuals with low levels (1-75 thalli; pale colours). In addition, ants significantly increased their self-grooming performance after exposure with the entomopathogenic fungus M. 
Discussion (a) Context-dependent costs and benefits of a high Laboulbenia level
Lasius neglectus workers with higher Laboulbenia levels suffered from increased mortality during starvation (figure 2a), suggesting that Laboulbenia draws resources from its host by (i) direct resource exploitation [33] , (ii) eliciting energetically costly immune responses [54] , (iii) tissue damage caused directly by the fungus or immunopathology [55] , or (iv) a combination of these. A recent study on a different antLaboulbeniales system suggests that optimal food conditions can reduce such costs [36] , as hosts might compensate for resource losses by increased food intake [56] . Different experimental conditions may therefore contribute to the described differences of host effects of Laboulbeniales-ranging from neutral effects [31, 32, 38] to confirmed costs such as moribund , normalized to the reference gene 28S RP S18a in L. neglectus workers. Expression levels of ß-1,3-GBP and PPO were significantly higher in ants carrying high (more than 150 thalli; dark colours) rather than low levels (1 -75 thalli; pale colours) of Laboulbenia. Exposure with the entomopathogenic fungus M. brunneum (green) significantly increased the ants' expression levels of PPO compared with untreated (grey) and sham-treated ants (blue), whereas ß-1,3-GBP expression was unaffected by treatment. Gene expression of Hym and Def1 were unaffected by both Laboulbenia level and treatment. Bars depict mean + s.e.m. Different letters indicate statistically significant differences between ants with low and high Laboulbenia levels at a ¼ 0.05 (significance groups of additional significant differences between treatments for PPO [Metarhizium exposure . sham/no treatment] not displayed); n.s. ¼ non-significant.
Metarhizium

rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20141976 behaviour [57] and reduced longevity of the host [34, 35, 58] (but see [59] ). To our knowledge, no study has previously reported a host benefit of Laboulbeniales, yet our data strongly suggest that increasing Laboulbenia formicarum levels provide L. neglectus with a survival benefit upon exposure to M. brunneum (figure 2b). However, as we had to rely on pre-existing, field-collected Laboulbenia levels, our study only provides correlative evidence and we cannot exclude potential confounding factors to have contributed to the observed effects. First, Laboulbenia level may correlate with host age, with older hosts expectedly having accumulated more Laboulbenia thalli [60] , so that observed effects may rather reflect host age differences. As counteraction, we restricted worker age variation in our experiment by using only foragers, which typically comprise the older worker age group of the colony (age polyethism [47] ). Second, field-collected workers with high Laboulbenia levels may represent the surviving 'high-quality' individuals. Yet, while this may explain their reduced susceptibility to Metarhizium, it is not in line with their higher mortality under starvation, revealing that ants carrying high Laboulbenia levels were not generally of better quality or condition. Our study has therefore disclosed an interesting pattern of contextdependent costs and benefits of Laboulbenia at the individual host level, which should be complemented by additional understanding at both the mechanistic level and the colony level of collective disease defences, expressed by social insects (social immunity [22] ), but already challenges the traditional categorization of Laboulbenia as a mild ectoparasite [31] [32] [33] .
(b) Interaction of Laboulbenia with host immunity and the pathogenic fungus Metarhizium
High Laboulbenia levels may mediate a reduced susceptibility to Metarhizium by competitive interactions between the two fungi and/or altered host behavioural and physiological defences. Fungus-fungus interactions can involve (i) indirect competition for space or host resources and (ii) direct competition through 'chemical warfare'. An already existing coverage of the host surface by Laboulbenia (figure 1) may interfere with successful attachment of Metarhizium conidiospores, which is required for successful germination [46] , due to reduced access to the host cuticle or even direct attachment on the Laboulbenia thalli. Laboulbenia may have further exploited host resources [33] , which Metarhizium requires for growth, similar to resource competition being a likely mechanism for the antiviral protection conferred by several Wolbachia strains to their hosts [13, 61] . Moreover, Laboulbenia may produce antimicrobial substances that inhibit Metarhizium growth, as described for endosymbiotic bacteria that protect their hosts against parasitoid infection through toxin production [62] . While such potential competitive interactions need further experimental assessment, our work already provides evidence for altered host defences. Similar to grooming alteration observed in another ant-Laboulbeniales system [36] , L. neglectus workers carrying high levels of Laboulbenia performed increased self-grooming (figure 3), which might provide prophylactic protection in case of later exposure to pathogens like Metarhizium. Moreover, ants with higher thalli numbers showed a higher and correlated immune gene expression at both the receptor (b-1,3-GBP [63] ) and effector (PPO [64] ) levels ( figure 4a,b) . b-1,3-GBP specifically binds fungal molecules and activates the Phenoloxidase cascade [65] , which is important for wound healing and encapsulation of intruding pathogens [64] . As Laboulbeniales actively breaches the host integument for anchorage and often also to obtain resources from the haemocoel [30, 31, 33] , it induces host wounding, the degree of which probably scales with thalli number. The observed increased PPO expression of ants with high Laboulbenia levels may further provide a kick-start for better fighting penetration of Metarhizium [50] . Though wounding can also trigger the expression of the AMPs Hym and Def1 [66] , we found no association of Laboulbenia level and the expression of the two AMPs in our study ( figure 4c,d ). This deviation may arise as most studies analyse AMP production after acute wounding or pathogen infection [67, 68] , whereas Laboulbenia forms a chronic immune challenge. Alternatively, the host-specialist Laboulbenia formicarum [25] may have evolved ways to inhibit some host immune components. Though this is still elusive for Laboulbenia, the generalist pathogen Metarhizium, as well as some opportunistic pathogens, can interfere with the host immune system by making themselves insignificant or by producing toxins (e.g. against AMPs) [69] [70] [71] . This may also explain why Metarhizium treatment did not elicit changes in AMP production in our study ( figure 4c,d ), though we found further increase in PPO expression (figure 4b). We can therefore conclude that ants carrying high Laboulbenia levels seem to have stimulated behavioural and physiological host defences, probably providing prophylactic protection against later pathogenic Metarhizium infection, similar to described cases in wasps [8] and mice [9] after bacterial challenge. However, such chronically upregulated defences may imply costs and trade-offs in resource allocation for the host [56] , explaining why ants with increasing Laboulbenia levels suffer higher mortality, particularly during food deprivation (figure 2a), when no resource compensation is possible.
(c) Potential effect of Laboulbenia association with an invasive ant species
The unusual biology of invasive ant hosts may shift the balance between costs and benefits of an association with Laboulbeniales, compared with native hosts. Invasive ants like L. neglectus cooperate across nests (unicoloniality [27] ), allowing them to both quickly detect and dominate food sources over competing native species [72] . In addition to their extensive aphid tending [73] , this makes starvation (i.e. the condition under which Laboulbenia can cause distinct survival costs; figure 2a) much less likely than in native ants, thereby probably reducing the costs of an association with Laboulbenia. At the same time, unicolonial species may profit more from a protective effect against Metarhizium infection, as (i) their reduced genetic diversity due to population founder effects, (ii) their absence of genetic population sub-structuring and (iii) the open exchange of individuals across nests puts them at a higher risk of disease transmission [74] . This may explain why Laboulbenia formicarum was found to show only intermediate prevalence levels (2-44%) in non-invasive ants in its native range [75] , but has efficiently spread throughout the affected L. neglectus populations in Europe in very short time [25] (S.T. & M.K. 2012, personal observation), similar to the rapid fixation of Wolbachia in Drosophila populations in the US [76] . Laboulbenia formicarum also could not yet be detected on neighbouring native species alongside the invasive L. neglectus populations [25] , although many of the 17 potential host ant species from its original range in North America are rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20141976 also ubiquitous in Europe and often occupy the same habitat as L. neglectus. We therefore propose that the prospective Laboulbenia-mediated protection against the common pathogen Metarhizium [40] -and potentially other pathogens-may even increase the invasive potential of both the affected L. neglectus population and its fungal ectosymbiont, Laboulbenia formicarum, similar to symbiont-mediated effects having contributed to the rapid invasion of other important pest species [77, 78] .
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